This paper presents the perspective of the Structural Mechanics program of the Air Force Office of Scientific Research on the damage assessment of structures. It is found that damage assessment of structures plays a very important role in assuring the safety and operational readiness of Air Force fleet. The current fleet has many aging aircraft, which poses a considerable challenge for the operators and maintainers. The nondestructive evaluation technology is rather mature and able to detect damage with considerable reliability during the periodic maintenance inspections. The emerging structural health monitoring methodology has great potential, because it will use on-board damage detection sensors and systems, will be able to offer on-demand structural health bulletins. Considerable fundamental and applied research is still needed to enable the development, implementation, and dissemination of structural health monitoring technology.
Introduction
The Air Force Office of Scientific Research (AFOSR) is the fundamental basic research component of the Air Force Research Laboratory. AFOSR is organized in three major research areas [1] :
• Aerospace, Chemical, and Material Sciences • Mathematics, Information, and Life Sciences
• Physics and Electronics
Inside each of the major research areas there are several research programs. For example, the Aerospace, Chemical, and Material Sciences major research area encompasses thirteen research programs; details of these research programs can be found on the public website given in ref. 1. One of the thirteen research programs of the Aerospace, Chemical, and Material Sciences major research area is the research program in Structural Mechanics. The objective of the Structural Mechanics research program is [1] "to support fundamental studies in enabling structural technologies for future Air Force systems. Fundamental studies that will enable the Air Force to maintain the integrity and functionality of existing aerospace structures, as well as enhance their performance are also of great interest. White papers are sought for studies into the synergetic exploitation of large nonlinear structural deformations under coupled fluid, thermal, and mechanical loads in quasi-static and dynamic regimes. Examples include, but are not limited to, novel actuation devices, the exploitation of aeroelastic phenomena for flapping-wing micro air vehicles, the prevention and control of nonlinear and aeroelastic phenomena, energy harvesting from environmental air turbulence and structural vibration, etc. Flexible load-bearing skins and reconfigurable support structures for smart and adaptive morphing aerospace vehicles are of interest.
Novel structural concepts that support air-and space-based applications are of interest at any scale (nano, MEMS, large deployable structures) and for any purpose (sensing, control, stiffening, actuation, etc.) .
Structural health monitoring, nondestructive evaluation, diagnostics and prognosis, and other concepts that contribute to the sustainment of structural reliability, survivability and mission readiness, especially under extreme environments, are of continuous interest. White papers for other structural innovations in USAF-relevant areas not specifically mentioned above are also welcomed." [1] . It apparent from the above short overview that damage assessment of structures, nondestructive evaluation, and structural health monitoring play an important role in the AFOSR structural mechanics research program.
Aging Aircraft Fleet
The United States Air Force (USAF) uses a varied complement of aircraft with a diverse age span, from the 1950's B-52 bombers, to the state-of-the-art multi-role F-22 and F-35 aircraft. Inside the USAF fleet, an important proportion of the aircraft qualify for the "aging aircraft" description.
The decision on whether to maintain or replace an aging system is a common one. Anyone who owns an automobile, for instance, eventually grapples with this issue. At some point, it seems wrong to "throw good money after bad" and continue to repair an aging system. But replacement systems typically entail considerable up-front investment. The Air Force is facing a similar decision question in relation to several systems that have been in operation for several decades. Recent studies [2] , [3] have studies the relative cost-benefit of retaining or replacing large aircraft inventories. For example, ref. 2 considered a certain aircraft type (e.g., a tanker) that the Air Force envisions having in its inventory, in some form, into the foreseeable future. Then they examined the option of operating an existing aircraft for one more year versus the option of replacing it right now.
Operating an existing aircraft for one more year yields some aircraft availability level at the cost of the requisite maintenance, fuel, and labor. In contrast, purchasing a new aircraft results in a stream of both costs and aircraft availability. The study [2] found that the Air Force should repair, rather than replace, an existing system if and only if the availability-adjusted marginal cost of existing aircraft is less than the replacement's average cost per available year. Ref. 3 extended this study to large cargo aircraft fleet. Both studies concluded that the model for decision to repair or replace an aging aircraft should be used prospectively. For example, one would estimate ahead of time when it is thought the optimum will be achieved, and has a replacement system prepared to enter service at that time.
The situation today is that a large number of aging aircraft are in fleet inventory and have to be maintained in an acceptable state of operational readiness. This situation is likely to persist for some time. Considerable advances in science and technology are needed to reduce the burden of detecting and identifying structural damage, increase the maintenance effectiveness, reduce downtime and increase availability.
Damage-Tolerant Aircraft Structures
Aircraft structures are built to minimize weight while increasing safety and reliability. The analysis and design of flight structures [4] takes into account static strength, buckling resistance, and fatigue life.
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Damage Assessment of Structures VII Fig. 1 : Structural types based on load path [5] In order to increase the aircraft survivability in case of unexpected structural damage, the flight structures concepts have adopted damage-arresting capabilities and evolved from single load path to multiple load path designs ( Figure 1 ). In this way, flight structures have become damage tolerant. Current damage tolerant flight structure are designed to minimizes the loss of aircraft due to the propagation of undetected flaws, cracks, and other damage. Damage-tolerant structures have two important qualities:
(a) controlled safe flaw growth, or safe life with cracks (b) positive damage containment, i.e., safe remaining (residual) strength A basic assumption in damage tolerant flight structures is that flaws exist even in new structures and that they may go undetected. Hence, any member in the structure must have a safe life even when cracks are present. In addition, flight critical components must be fail-safe.
Full-Scale Fatigue Tests
The safe operational life of an aircraft is determined through on full scale fatigue testing of complete test articles under simulated fatigue loading. Such full-scale fatigue testing have undeniable benefits. They discover fatigue critical elements and design deficiencies; determine time intervals to detectable cracking, collect data on crack propagation, and determine remaining safe life with cracks as well as the residual strength. These tests establish the proper inspection intervals and help in developing/testing appropriate repair methods. Full-scale fatigue testing should continue long term and stay sufficiently ahead of the fleet to allow adequate lead time for redesign and installation of whatever modifications are required to prevent catastrophic fleet failures. However, full-scale fatigue testing are extremely expensive. Much of the aging aircraft fleet has exceeded the design fatigue life, and hence are no longer covered by the full-scale fatigue testing done several decades ago. In order to extend their service life, additional fatigue tests are being conducted.
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Nondestructive Inspection and Nondestructive Evaluation
In-service inspection procedures such as nondestructive inspection (NDI) and nondestructive evaluation (NDE) play a major role in the determination of safe operational life of fail-safe structures. NDI/NDE inspections are the sole data source for structural state diagnosis and remaining life prognosis. Inspection intervals are established assuming a "detectable" crack size, a det ; the value of a det depends on the available NDI/NDE procedure and equipment. Cracks larger than a det are presumed to be discovered and repaired. The inspection intervals are determined in such a way that an undetected flaw will not grow to critical size before the next inspection. The use of NDI/NDE techniques and the establishment of appropriate inspection intervals have progressed considerably in recent years in order to ensure the safe operation of our current aircraft fleet. Recent developments include automated scanning systems and pattern recognition method that relive the operator of the attention-consuming tedious decision making in routine situations and allow the human attention to be concentrated on truly difficult cases. Nevertheless, the current practice of scheduled NDI/NDE inspections leaves much to be desired. Some large aircraft can have as many as 22,000 critical fastener holes in the lower wing alone [5] . Complete inspection of such a large number of sites is not only tedious and time consuming, but also subject to error born of the boredom of inspecting 20,000 holes with no serious problems, only to miss one hole with a serious crack (sometimes called the "rogue" crack). In addition, many inspections that require extensive disassembly for access may result in flaw nucleation induced by the disassembly/reassembly process (inspection-induced damage). As our aircraft fleet ages, the crack population increases, and the NDI/NDE costs greatly proliferate.
Perceived SHM Contributions the Structural Diagnosis and Prognosis
Structural health monitoring (SHM) could have a major contribution to the structural diagnosis and prognosis. Although NDE methods and practices have advanced remarkably in recent years, some of their inherent limitations still persist. NDI/NDE inspection sensitivity and reliability are driven by some very practical issues when dealing with actual airframes. Field inspection conditions may be quite different when compared to laboratory test standards.
Perhaps the major limitation of current NDI/NDE practices is the fact that NDI/NDE, as we know it, cannot provide a continuous assessment of the structural state [6] . This limitation is rooted in the way NDI/NDE inspections are performed: the aircraft has to be taken off line, stripped down to a certain extent, and scanned with NDI/NDE transducers. This process is time-consuming and expensive. This situation could be significantly improved through the implementation of a SHM system. Having the SHM transducers permanently attached to the structure (even inside closed compartments), would allow for structural interrogation (scanning) to be performed on demand, as often as needed. In addition, a consistent historical record can be accumulated since these ondemand interrogations are done always with the same transducers which are placed in exactly the same locations and interrogated in the same way.
SHM could provide an advanced utilization of the existing sensing technologies to add progressive state change information to a system reasoning process from which we can infer component capability and predict its future safe-use capacity. Through monitoring the state of structural health, we can achieve a historical database and acquire change information to assist in the system reasoning process. Advanced signal processing methods can be used to detect characteristic changes in the material state and make that state-change information available to the prognosis reasoning system. The concept of change detection can be used to characterize the material state by identifying critical features that show changes with respect to a reference state that is stored in the information database and updated periodically. When this is performed in coordination with existing NDI/NDE practices, the structural health monitoring information performed in between current inspection intervals will provide supplementary data that would have a densifying effect on the historical information database.
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Another advantage of implementing SHM systems is related to the nonlinear aspects of structural crack propagation. Most of the current life prognosis techniques are based on linear assumptions rooted in laboratory tests performed under well defined conditions. However, actual operational conditions are far from ideal, and incorporate a number of unknown factors such as constraint effects, load spectrum variation, and overloads. These effects are in the realm of nonlinear fracture mechanics and make the prediction very difficult. However, the dense data that can be collected by an SHM system could be used as feedback information.
Research Needs and Directions in Structural Damage Assessment
The science of structural health monitoring and structural damage assessment is still in its infancy.
Though remarkable progress has been achieved in some proof-of-concept demonstration, the overall scope and breadth of the subject is still generally unexplored. The science and engineering community is gradually starting to realize the wide implication of deceptively simple question: could a structure tell us the state of its health, just like the human body "hurts" when it is injured or tired? How can we negotiate the graceful progression of a flight structure from "prime time" into the middle age and gradually into well-earned retirement? [7] . There are several research directions of high interest to the SHM community. SHM-AISC is generally interested in permanently-attached "sensor-actuator networks that could automatically assess the integrity of aircraft structures in order to reduce maintenance cost s and downtime by ending manual inspections" [8] . To achieve this goal, considerable research, implementation, validation and certification work needs to be performed. The subject is clearly multidisciplinary, spanning from the analysis and design of flight structures to sensors and actuators electronics and data processing. The implementation path will travel from fundamental basic research, through applied research, to wide-spread industrial dissemination. It is difficult to predict all the research topics that will be likely to be encountered along this path. The author of the present article would like to articulate two such topics with immediate relation to the structural mechanics area, as shown next.
Uncertainties-based structural analysis: The science of flight structures analysis needs to achieve the capability to predict the distribution of flaws and service-induced damage at fleet level and on each individual aircraft. The issues at hand are that there is considerable variability in several areas: • material processing and component fabrication • maintenance actions • changing mission profiles The science enablers that must be developed would include: • Quantifiers and descriptors for actual variability in each of the above listed areas • Uncertainty-based analysis at structural multi-levels • Sensing materials and embedded systems to track mission effects on the structure and elaborate statistical mission profiles in real time
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On-demand structural health bulletins --structural diagnosis and prognosis: There is a clear need for the following capabilities:
• On-board health monitoring systems which could be viewed as "embedded NDE" • Data interpretation of the measured results that would give the commander a state-awareness risk-based approach to mission planning and aircraft maintenance The science enablers that must be developed would include:
• Multi-field models and predictors of the sensor-structure hybrid behavior • Structural analysis which can predict the sensors response as damage progresses throughout the structure • Risk-based structural analysis using state-awareness descriptors and risk-tolerance levels • Data mining methods for structural damage detection, life prediction, structural/system prognosis The above two topics are not exhaustive. Other topics would most like emerge as the science and engineering of structural health monitoring matures. Important to realize is that the field is still mostly unexplored, and that sustained research and development work is required to bring it to maturity and fruition.
Conclusions
This paper has presented the perspective of the Structural Mechanics program of the Air Force Office of Scientific Research on the damage assessment of structures. It was found that damage assessment of structures plays a very important role in assuring the safety and operational readiness of Air Force fleet. The current fleet has many aging aircraft, which poses a considerable challenge for the operators and maintainers. The nondestructive evaluation technology is rather mature and able to detect damage with considerable reliability during the periodic maintenance inspections. The emerging structural health monitoring methodology has great potential, because it will use on-board damage detection sensors and systems, will be able to offer on-demand structural health bulletins. Considerable fundamental and applied research is still needed to enable the development, implementation, and dissemination of structural health monitoring technology.
